(Received 13 Augw9t 1963) There are inconsistencies in the reports of experiments on the effects of whole-body irradiation on protein synthesis. Some workers observed increases in synthetic activity soon after irradiation (Hevesy, 1949; Richmond, Altman & Salomon, 1951; Kay & Entenman, 1956; Butler, Cohn & Crathorn, 1957) , others noticed no change (Abrams, 1951; Holmes & Mee, 1952; Killander, Ribbing, Ringertz & Richards, 1962) and some (Hempelmann, Carr, Frantz, Masters & Lamdin, 1950; Richmond, Ord & Stocken, 1957; Salganik, 1958) reported a decrease after irradiation. These erratic reports, especially the observed stimulation of synthesis, can be explained by the increased secretion of adrenocorticotrophic hormone from the pituitary gland after subjection to stresses (Selye, 1957; Bransome & Reddy, 1963) such as that caused by irradiation. This leads to the secretion from the adrenal cortex into the blood of abnormally large quantities of steroid hormones (glucocorticoids) that affect the metabolism of carbohydrates, proteins and lipids (Bacq & Alexander, 1961) . The release of adrenaline after radiation has also been shown to have a radioprotective effect as a result of its antioxidant activity (Bekkum & Cohen, 1955) . It seems that much could be gained, in a study of the fundamental effects caused by irradiation in vivo, if the adrenal glands were first removed. The present paper describes differences in response to whole-body X-irradiation of normal and adrenalectomized rats as shown in the rates of protein synthesis in nuclei prepared from the thymus gland. It also shows that the ability of nuclear enzymes to synthesize proteins depends on free thiol groups. A preliminary account of these findings has already been reported (Smit & Stocken, 1963a I8olation of nuclei. The thymus glands used in the preparation of nuclei were removed from the rats about 1 min. after decapitation for experiments in vitro. For experiments in vivo, with groups of animals, the removal time was carefully controlled with a stop-watch, the glands were removed with forceps within 2 sec. of the time stated and placed in semi-frozen medium. Nuclei were prepared in sucrose medium [sucrose (0 25m) and CaCl2 (3 3 mm) in 5mM-tris-HCl buffer, pH 7-3 at 20°(glass electrode)] by the method of Creasey & Stocken (1959) . The final concentration of the nuclear suspension was usually the equivalent of one thymus/ml. of medium.
Incubation condition8 for amino acid incorporation. The incubation mixture consisted of: nuclear suspension (1-0 ml.); sucrose medium (see above) (041 ml.) containing 121uc of DL-[G-3H]valine (specific activity 480 mc/m-mole), glucose (240,umoles) and NaCl (2401moles); and sucrose medium (0-1 ml.) with or without additives. The incubation was carried out aerobically with shaking at 37°. All reagents were dissolved in sucrose medium and the pH was adjusted to 7-3 before addition to the incubation flasks. Incubation was stopped after 60 min. by the addition of 3 vol. (3-6 ml.) of ice-cold 10% (w/v) trichloroacetic acid which contained a 100-fold excess of unlabelled valine.
Preparation ofproteinfor counting. The protein precipitate was centrifuged off (at 3000g for 5 min.) and the supernatant discarded. The residue was washed three times in the centrifuge with 5.0 ml. portions of 10% (w/v) trichloroacetic acid and the washings were discarded. Nucleic acids and lipids were removed from the protein moiety by the method of . The air-dried protein pellet was dissolved in 80 % (v/v) formic acid (0 5 ml.) and filtered through Whatman no. 1 filter paper.
A88ay of radioactivity. Samples (0 05 ml.) of protein solution in formic acid were added to flat-bottomed tubes each containing 1.1 ml. of scintillation fluid [0.4% (w/v) p-terphenyl and 0.04 % (w/v) 1,4-bis-(5-phenyloxazol-2-yl)-benzene in toluene-1,4-dioxan (7:3, v/v) Lowry, Rosebrough, Farr & Randall (1951) , with tyrosine as standard. A factor of 4-22 was used to convert values into nuclear protein equivalent. This factor was obtained from the colour given by a trichloroacetic acid-insoluble protein mixture isolated from nuclei of rat thymus gland.
Deoxyribonudceic acid. This was estimated by the method of Burton (1956) .
Firefly determination of adenosine triphosphate. Suspensions of nuclei were treated with trichloroacetic acid (final concn.: 6%, w/v) immediately after preparation to stop the degradative action of phosphatases. The protein debris was removed by centrifugation (at 3000g for 5 min.) and the acid removed by extraction with ether. All traces of ether were eliminated by aeration before the luciferin-luciferase method of Holton (1959) Radioautography. Nuclei were incubated with ['H]valine and a sample (0-1 ml.) was added after 60 min. to sucrose medium (5 0 ml.) containing a 100-fold excess of unlabelled valine and then centrifuged (at 3000g for 5 min.). The precipitate was washed twice more to ensure a low level of background activity. The nuclear pellet was finally resuspended in sucrose medium (0-2 ml.) and samples (0 05 ml.) were spread on to slides previously coated with a film of alum-gelatin (0-5 g. of chrome alum and 5 g. of gelatin/l.). Smears were air-dried for 10 min., fixed in methanol for 15 min., rinsed in water for 10 sec. and then covered with Kodak AR 10 stripping film according to the wet technique of Fitzgerald, Simmel, Weinstein & Martin (1953) . Exposures were made for 4-5 weeks in a refrigerator at 20, at the end of which time the slides were removed, placed in Kodak D-19b developer for 5 min., fixed in Kodak acid fixer for 10 min., washed thoroughly in running tap water, rinsed in distilled water and allowed to dry. The radioautographs were then stained for 1 hr. in buffered methyl green-pyronin solution, pH 4.4, rinsed in water for 5 sec., dehydrated in acetone for 5-10 sec., immersed in acetone-xylene (1: 1, v/v) for 1 min. and put into xylene for 15-20 min. All stripping-film radioautographs were examined unmounted under oil immersion in the visible-light microscope at 900-1100 x magnification. Only nuclei originating from thymocytes and which were free from visible cytoplasmic contamination were assayed for grain content and these comprised approximately 95 % of the population. At least 200 labelled nuclei were assayed on each slide for grain content.
RESULTS
Nuclei prepared from rat thymus gland in sucrose medium exhibited the same requirement for glucose and sodium chloride as described ) for calf-thymus nuclei. The optimum concentration of sodium chloride in this case was 20-30 mM and stimulated amino acid incorporation threefold. The addition of an amino acid complement, comprising 14 different L-amino acids (excluding valine) each in 1OlUM concentration, was relatively inactive in stimulating the uptake of [PH]valine into nuclear proteins; a maximum increase of 20% was obtained. The intranuclear amino acid pool is probably of sufficient size to allow protein synthesis to proceed for the duration of the incubation (60 min.). Herranen & Brunkhorst (1962) noticed a direct relationship between the protein-synthetic ability of nuclei prepared from rabbit thymus glands that had been removed from the animal at various times after death. We confirmed this finding in our studies with the rat thymus and measured the simultaneous disappearance of intranuclear ATP , which may explain the observed decrease in amino acid incorporation (Table 1) . Because of these rapid post-mortem changes it is necessary to control the time of removal of the gland carefully if comparisons between different groups of animals are to be made. In our studies the glands were removed exactly 1 min. after cervical fracture, to produce nuclei of high synthetic activity, or after 10 min. when the rate of change is less rapid. Apart from the absolute level in activity the two times gave results that were essentially the same. At least four and usually six animals were used in each experiment to minimize the effects of individual variation.
Attempts were made to 'revive' the aged nuclei by the addition of ATP. Concentrations in the range 0 1-5 0 mm produced no significant stimulation. Inhibition of amino acid incorporation occurred at the higher ATP concentrations (Table 2) , which may be explained by the loss of nuclear structure observable in the light microscope after staining with methyl green-pyronin. An assay of thiol content in nuclei after treatment with ATP showed that a decrease ofreacting thiol groups occurred (Table 2 ). This apparent relationship between thiol content and nuclear protein syn-' thesis was therefore investigated. All reagents that react with or tend to oxidize thiol groups to disulphide groups inhibited amino acid incorporation 215+2-3 (4) 17-5+0-2 (2) 13-8+0-1 (2) 11*4+3-1 (4) Nuclei were prepared in sucrose medium at pH 7-3 (see Table 1 ). The effects of ATP in different concentrations on the incorporation of [3H]valine into nuclear proteins was assayed in a scintillation counter. The pH of ATP solutions was adjusted to 7-3 before addition to the incubation flasks. Reagents with a reducing capacity such as GSH and cysteamine, on the other hand, had a slight stimulatory effect on protein synthesis, and when GSSG and GSH were added together the individual effects previously produced by these reagents cancelled each other out. The slight decrease in activity noticed when the reducing agent mercaptoethanol was added to the nuclei was unexpected (cf. Schram & Brachet, 1962) . It is known that thiol compounds can be oxidized on standing in air and an amperometric estimation of disulphide was carried out to determine if any of the thiol solutions used were contaminated by disulphides. All the thiol solutions contained some disulphides (Table 4) , but the degree of contamination was highest (8-65 %) in the mercaptoethanol solution and this may explain the observed effect.
Nuclear preparations that had been irradiated with 1000 r. X-rays showed a decreased ability to incorporate amino acids into proteins (Fig. 1) . These effects were first noticed by other workers (Logan, Table 3 . Influence of thiol reagents on amino acid incorporation in nuclei from rat thymus gland Nuclear suspensions (1-0 ml.) were incubated in sucrose medium (see Table 1 ) containing glucose (20 mM), NaCl (20 mm) and [3H]valine (10 lOc/ml.) together with added reagents in a final concentration of 1 mm and volume of 1-2 ml. The pH of the incubation medium after addition of the reagents was 7-3. Radioactivity incorporated into acidinsoluble nuclear proteins was assayed after incubation for 60 min. at 37°. The results are given as means+ S.D., with the numbers of estimations in parentheses. Errera & Ficq, 1959; Faures & Errera, 1962) in their radioautographic studies. The similarity of our observations indicates that comparable results are obtained by grain counting of radioautographic films and by direct assay of the incorporated radioactivity in a counter.
Since it was observed ( Table 5 ) that there was a diumal variation in the synthetic ability of nuclei, nuclear preparations for control and experimental observations were madeimmediately after each other in themorning when the rate of change islessvariable. Groups ofanimals were either irradiated at intervals Table 1 ) were irradiated at 00 with different doses of X-rays and then incubated with [3H] vallne in the presence of glucose and NaCl. Trichloroacetic acid-insoluble proteins were precipitated with trichloroacetic acid and the incorporated radioactivity was assayed after unused [8H]valine had been washed off. and killed as soon as possible after each other, or control groups were included at each time-interval. Animals were not sham-irradiated but were placed behind a lead shield in the same room during the irradiation of the other rats. In the irradiation experiments two sets of results were obtained, one from nuclei prepared from glands removed 1 min. after decapitation of the rats and another from glands processed 10 min. after death. Apart from slight differences the two sets of results were essentially the same (Table 6 ). Whole-body Xirradiation of normal rats produced an immediate stimulation in protein synthesis (Table 6 ). The enhanced synthesis, however, was transient and a significant decrease in synthesis manifested itself 2 hr. after irradiation. To eliminate some of the hormonal changes produced by stresses caused by, among other things, X-irradiation, the above experiment was repeated with rats from which the adrenal glands were removed 6 days earlier. In this case a decrease in protein synthesis occurred 30 min.
after irradiation, increasing to 44-64 % after 2 hr.
( Table 6 ). Some of these results were confirmed by radioautographic studies (Table 7) , which had the advantage that nuclei with attached cytoplasmic debris and whole cells could be excluded from the determination. Only nuclei originating from the thymocyte cell and which appeared morphologically pure after staining with methyl green-pyronin under the light microscope were assayed for grain content and comprised about 95 %1 of the total population. DISCUSSION
The ATP requirement in nuclear protein synthesis was shown conclusively by Allfrey & Mirsky (1961) : all reagents that blocked ATP synthesis in the nucleus also blocked the incorporation of amino acids into proteins. Hoagland (1955) 20-84+2 (2) 17'3 45*6+5 (2) 27-6d4 (2) demonstrated that the 'high-energy' phosphate is required in the activation of amino acids in the cytoplasm and a similar requirement exists for the activation reaction in the rat-thymus nucleus (Smit & Stocken, 1963b) . The difference between the ribosomal and the nuclear systems seems to be that protein synthesis in the latter is not stimulated by added ATP. Similar observations have been made by previous workers (Allfrey & Mirsky, 1961; Rees & Rowland, 1961) in their studies with calfthymus and rat-liver nuclei. Many models to explain the action of ATP can be constructed. The' formation of complexes with Ca2+ and Mg2+ ions (Burton, 1959) removes ions that are considered important in the maintenance of chromosome (Mazia, 1954) and nuclear structure. We noticed a loss of nuclear structure after treatment with ATP. The decrease in thiol content observed may be caused by the oxidation of thiol groups to disulphide groups stimulated in the presence of ATP or by a spatial rearrangement of released proteins. Until more is known about these intranuclear reactions, speculation about the mechanism does not appear to be very useful. Table 6 . Effects of irradiation in vivo on protein syntheszs in nuclei prepared from normal and adrenalectomized rats Groups of four to six rats were used for each experimental value and received 1000 r. X-rays at intervals.
Animals were killed at j hr. intervals after irradiation and the thymus glands removed after 60+t1 sec. or 10 min. for the preparation of nuclei. Nuclear suspensions in sucrose medium (see Table 1 21-5, 22-3, 20-8, 22-8, 23-0, 21-9 26-2, 23-3, 23-6 12-9, 12-8, 11-7, 13-3, 12-9, 13-7 13-6, 14-1, 14-8 Table 7 . Effects of whole-body X-irradiation on protein synthesis in nUclei isolated from normal and adrenalectomized rats as studied by radioautography Rats were irradiated with 1000 r. X-rays, the animals killed at intervals and nuclei prepared from glands removed after 60 sec. Incubation was carried out in sucrose medium (see Table 1 ) in the presence of [3H]valine for 1 hr. Incorporated radioactivity was assayed by radioautography. Grain counts for each value were made on at least 200 nuclei. The grains present in an area of film of equal size and immediately next to labelled nuclei were subtracted as background. This background value was always less than 1 grain/nucleus. Vol. 91 159
Reports on the role played by thiol enzymes in reactions leading to protein synthesis are numerous. The purified alanine-activating (Holley & Goldstein, 1959 ) and tryptophan-activating (Davie, Koningsberger & Lipmann, 1956 ) enzymes isolated from liver or pancreas are mhibited by p-chloromercuribenzoate and air-oxidation. A thiol function is also evident from the results reported by Hulsmann & Lipmann (1960) , Bishop & Schweet (1961) and Rendi & Hultin (1960) on the transfer reaction of amino acids from transfer RNA to microsomal protein. The activity of their microsomal preparations was inhibited by p-chloromercuribenzoate, N-ethyhnaleimide and reagents that oxidized thiol groups, and a stimulation was given by GSH and cysteamine. These observations and our results on nuclear protein synthesis emphasize the role played by thiol groups in reactions governing protein synthesis. Edelmann (1951) first noticed that adrenalectomized rats are more sensitive to irradiation than normal animals. It is known that whole-body irradiation inhibits the release of prolactin, gonadotrophic hormone and growth hormone from the anterior pituitary gland but enhances the secretion of adrenocorticotrophic hormone which acts on the adrenal gland. Since 50 % of the stored adrenaline can be secreted into the bloodstream after subjection to stress there is an immediate effect on metabolic rates. These reports may explain our finding that there is a stimulation in nuclear protein synthesis in normal rats immediately after irradiation but not when adrenalectomized animals are used.
Various explanations can be offered to explain the radiation damage noticed in our studies on nuclear protein synthesis. Any process that decreases the intranuclear ATP content such as the increased adenosine-triphosphatase activity noticed by Dubois & Petersen (1954) in rat thymus gland after irradiation will impair protein synthesis (Alifrey et al. 1957) . The synthesis of ATP and nuclear phosphorylation in thymus nuclei are abolished by X-ray doses as low as 100 r. (Creasey & Stocken, 1959; Klouwen & Betel, 1963) . A decrease in nuclear amino acid activation on irradiation (Smit & Stocken, 1963b) may account for the diminished incorporation of amino acids into protein. Evidence provided by Faures & Errera (1962) shows that some fundamental damage is caused in the DNA molecule by 300 r. X-rays, and that the inhibition in nuclear protein synthesis that results can be restored by the addition of denatured DNA. They implicated cations such as Na+ and K+ ions as stabilizers for the nucleic acid structure. These ions are indispensable for amino acid uptake into nuclei but are released from the thymus nucleus with small doses of X-rays (Creasey, 1960 ). An investigation of the radiomimetic action of GSSG on nuclei isolated from rat thymus gland has shown that 0*1 mM inhibits glucose 6-phosphate dehydrogenase (E.C. 1.1.1.49), the uptake of [32P]phosphate into RNA and the formation of labile phosphate (Ord & Stocken, 1963) . The irradiation of nuclei in vitro decreases their thiol content, but if nuclei are isolated from rats given 1000 r. whole-body Xirradiation there seems to be a concomitant increase in fixed thiol groups which are capable of reacting with 1-14C-labelled N-ethylnaleimide (Deakin, Ord & Stocken, 1963) . These results suggest that the most likely primary cause of the biochemical derangement is the alteration produced in the thiol-disulphide equilibrium and it may well be the cause of the decreased amino acid incorporation into nuclear proteins observed by us. SUMMARY 1. Protein synthesis in nuclei was inhibited by the addition of ATP. Damage to the nuclear structure occurred and the intranuclear thiol content was decreased.
2. Enhanced protein synthesis was caused by reducing agents. Reagents that oxidized or reacted with thiol groups were inhibitory.
3. Irradiation of isolated nuclei inhibited incorporation of amino acids into proteins.
4. Nuclear protein synthesis was stimulated immediately after whole-body X-irradiation. Nuclei prepared from adrenalectomized rats reacted differently on irradiation and showed a decreased synthesis. Protein synthesis was inhibited in both instances 2 hr. after irradiation.
Apparatus for Rapid and Sensitive Spectrophotometry Although the first application of flow methods for following a rapid chemical reaction in solution was made by Hartridge & Roughton (1923) during work on a biochemical problem, and although many of the technical advances in the meantime have been dictated by special biochemical requirements (for reviews see Roughton, 1953; Chance, 1953) , the methods have been restricted to a very few Labotatories. The apparatus described in the present paper is the result of several years' experience and is intended for work with clear solutions with extinction changes of 0-02-0-5 in observation tubes of 2-20 mm. optical path. The aim has been to build a robust and reliable apparatus for use in general biochemical work. The need for reliability is particularly evident with enzymes where a week's work may be needed to yield enough material for a single set of kinetic determinations. The apparatus described does not exist only as a single example; ten complete sets are already in use in different Laboratories and it is hoped that the description is full enough to be followed by any competent mechanic. CONSTRUCTION Layout and principle of operation. This may be followed by reference to Figs. 1 and 2 . The reagents are placed in the 25 ml. reservoir syringes (A in Figs. 1 and 2 ) from which they are transferred by proper setting of the valves to the 2 ml. driving syringes (B in Figs. 1 and 2 ). To make a determination the driving syringes are forced in together
